The genetic control of segmentation in the Drosophila larval head has been only partially elucidated. We report that the knot (kn) gene of Drosophila is required for the formation of the hypopharyngeal lobe in the germ-band stage embryo and the ventral arms and lateralgra Ète of the larval head skeleton. Rearrangement mutations of knot disrupt the previously characterized gene, collier, which encodes a COE-family transcription factor. kn is required for the activation of cnc (cap'n'collar, a bZIP homeotic selector gene) in the progenitors of hypopharyngeal lobe. kn is also required for the activation of an EST marker for the cephalic mesoderm, CK01299. Based on the relative expression of kn and the posterior compartment-speci®c gene hedgehog, we provide additional evidence that in Drosophila, unlike many other insects, the hypopharyngeal lobe arises from part of the mandibular segment. q
Introduction
The highly derived nature of the head of the Drosophila larva obscures its segmental nature. The segmentation of the head region is most apparent during embryogenesis at stage 10, when the head region is divided by the reiterative, striped expression of three segment polarity genes (engrailed (en), hedgehog (hh) and wingless (wg)) in an S-shaped curve around the stomatodeum (Fig. 1A) (Baker, 1987 (Baker, , 1988 Cohen and Ju Èrgens, 1990; Mohler and Vani, 1992; Tabata et al., 1992; Schmidt-Ott and Technau, 1993) . The posterior-most three head segments (from anterior: mandibular, maxillary and labial) are termed the gnathal segments. The three gnathal segments are established at blastoderm by a cascade of gap and pair-rule gene expression in parallel with the more posterior trunk segments (see review by Rogers and Kaufman, 1997) . The more anterior head segments (from anterior: labral, ocular, antennal and intercalary) are termed the cephalic segments. The cephalic segments arise signi®cantly later at stage 10 of embryogenesis and are each uniquely de®ned by the interactions of speci®c head gap genes (Mohler, 1995; Gallitano-Mendel and Finkelstein, 1997) .
During stage 11, a series of lobes form in the head region that morphologically manifest, at least in part, this segmental nature (Fig. 1B) (Campos-Ortega and Hartenstein, 1985) . The mandibular, maxillary and labial lobes correspond well to the three gnathal segments (with en and hh expression at each posterior edge). The clypeolabral lobe at the anteriormost end of the embryo corresponds more appropriately to a parasegment rather than a segment: it has wg expression at its posterior edge and hh at the anterior edge , suggesting it consists of the anterior compartment of labral segment plus the anteriorly-adjacent posterior compartment of a cryptic foregut segment. In contrast, the hypopharyngeal lobe contains no regions of hh, en, or wg segment polarity gene expression, which has led to controversy as to whether this lobe corresponds to a ventral region of the intercalary segment (Rogers and Kaufman, 1997) or a far anterior portion of the mandibular segment (Mohler et al., 1995) .
In brief, the argument that the hypopharyngeal lobe is part of the intercalary segment is based principally on two observations: (1) the pioneering fate mapping analysis of Ju Èrgens et al. (1986) found that the hypopharyngeal lobe contained the progenitors of the posterior pharyngeal wall and its associated hypopharyngeal organ, which they thought corre-sponded to intercalary segment structures of other insects, and (2) the expression of the intercalary-speci®c homeotic gene, labial (lab), in the hypopharyngeal lobe of the¯ea and milkweed bug, though not in Drosophila (Rogers and Kaufman, 1997) . The argument that the hypopharyngeal lobe is part of the mandibular segment is that at stage 10 the progenitors of the hypopharyngeal lobe are separated by a stripe of hh-expressing cells (only a subset of which express en) from the anterior compartment of the intercalary segment but not from the anterior compartment of the mandibular segment .
We have recently been investigating the knot (kn) gene of Drosophila for its role in patterning the medial portion of the wing. The kn gene has recently been shown to be identical to collier (col) (Vervoort et al., 1999) , which was originally identi®ed as a transcription unit with a mandibular-speci®c expression pattern during early embryogenesis (Crozatier et al., 1996) . In this article, we con®rm the identity of the kn gene with col by physically mapping genomic rearrangements associated with kn mutations. Further, we demonstrate that the kn gene is required in the ectoderm for the formation of the hypopharyngeal lobe and for the subsequent differentiation of the ventral arms and lateralgra Ète of the pharyngeal head skeleton. Finally, we reevaluate the segmental origin of the hypopharyngeal lobe in light of this mutational analysis of kn.
Results

The kn gene is identical to collier (col), encoding a COE-family transcription factor
Our previous mosaic analysis of kn function in the wing had indicated that kn played an essential function in the medial wing to autonomously de®ne the intervein region between veins 3 and 4 (Nestoras et al., 1997) . In order to better resolve the function of kn in this region, we elected to clone the kn gene to decipher its biochemical function and sites of expression. We adopted a positional cloning strategy, in which new alleles of kn associated with rearrangement alleles were generated and mapped within the genomic DNA relative to identi®able transcription units.
We isolated four mutations that failed to complement the original kn 1 mutation in an F1 screen following g-ray mutagenesis (Table 1) . Two of these mutations were de®ciencies for the 51C region (Df(2R)knSA3 and Df(2R)knSA4). The other two mutations had chromosomal rearrangements with a breakpoint in 51C3-5 (kn SA1 In(2R)knSA1 and kn SA2 T(X;2)knSA2). kn SA1 is associated with a strong, embryonic lethal kn phenotype and presumably disrupts the kn gene. kn SA2 is homozygous viable, showing a severe disruption of the 3±4 intervein region of the wing (J.M., unpublished results). Because kn SA2 retains the functions of kn required for embryonic and adult viability, this mutation is presumably a regulatory mutation that disrupts the activity of the kn gene speci®cally in the wing.
Genomic P1 clones and cosmids from the 51C region were obtained from the Berkeley and European Drosophila Genome Projects, respectively, and hybridized in situ to polytene chromosomes heterozygous for In(2R)knSA1 to identify those which spanned the inversion breakpoint. A restriction enzyme map was made for the P1 clone, DS00158, that spanned the kn SA1 breakpoint, and the breakpoints of kn SA1 and kn SA2 were positioned on this map by Southern analysis (Fig. 2) .
The gene collier (col) encoding a COE transcription factor had been previously mapped to 51C by Crozatier et al. (1996) . We found that the full-length col cDNA hybridizes to DS00158 and the 5 H and 3 H ends map approximately 30 kb apart and span the breakpoint of kn SA1 , which genetically disrupts kn function completely. A comparison of our restriction enzyme map of DS00158 with the recently published intron/exon structure of col by Crozatier et al. (1999) indicates that this breakpoint resides between the ®fth and eighth exons of the gene. The breakpoint of the`regulatory' mutation, kn SA2 , maps approximately 10±20 kb upstream of the 5 H end of the col transcription unit. Thus, the location of the col gene with respect to these kn rearrangement mutations indicates the identity of the kn and col genes that were originally de®ned mutationally and molecularly, respectively. Because of the correlation of col embryonic expression and kn mutant defects in the embryonic head (as described below), as well as in the 3±4 intervein region in the wing (Vervoort et al., 1999; Mohler et al., 2000) , the col transcript will be identi®ed as kn for the remainder of this article. et al. (1996) previously showed that kn was expressed in early embryogenesis from stage 7 to 11 in a single domain corresponding to mitotic domain 2 within the mandibular segment (Fig. 3A,B) . Comparison of the expression of kn in the mandibular segment with cnc (cap'n'collar, a homeotic gene required for labral and mandibular segment identity; Mohler et al., 1995; McGinnis et al., 1998) in late stage 10 reveals that kn is expressed in the anterior-most region of the mandibular segment (Fig. 3C,D) , whereas cnc is expressed throughout the anterior compartment of the mandibular region (Fig. 3E,F) . Unlike cnc, kn is also significantly expressed in the cephalic mesoderm (Fig. 3B) . Crozatier et al. (1996) demonstrated a role for kn in mandibular development by injecting anti-sense col RNA into embryos prior to blastoderm formation. This resulted in mandibular defects, particularly the shortening of the lateralgra Ète of the head skeleton. Embryos mutant for kn SA1 , the rearrangement allele broken within the transcription unit, or for any of the four kn mutations isolated with EMS by Nestoras et al. (1997) show similar disruptions of head skeleton. In zygotically mutant kn embryos the observed defects of mandibular structures are somewhat variable (e.g. kn KN4 , Fig. 4B ). However, for each of the four EMS mutations, kn mutant embryos derived from homozygous germ-line clone mothers had consistently stronger head skeleton defects. For the two strongest EMS alleles (kn KN2 and kn
KN4
, as judged both by their embryonic and wing phenotypes), germ-line clone-derived zygotic mutant embryos (`zygotic 1 maternal') consistently lack the ventral arms and have foreshortened lateralgra Ète (Fig. 4C) , but retain the adjacent ventral plate, ventral T-ribs and posterior pharyngeal wall.
The variability in the zygotic mutant embryos is primarily due to variation in the extent of the lateralgra Ète. Because the difference between the zygotic alone and zygotic 1 maternal mutant embryos is simply in the extension and shape of the lateralgra Ète, it is not clear whether the difference is due Fig. 2 . Map of the DS00158 genomic clone. Sites of the rearrangement breakpoints associated with kn mutations, as de®ned by Southern analysis, are indicated above the restriction enzyme map; brackets indicate the extent of uncertainty. The extent of the col transcription unit is indicated beneath the restriction enzyme map, as determined by Southern analysis using probes speci®c for the 5 H and 3 H ends of the col transcript (as indicated by the black boxes). to loss of maternal kn expression or to other potential differences in genetic background between these two lines. No signi®cant maternal expression can be detected by in situ hybridization to early embryos, although low levels of RNA may not be easily discerned from background staining and the potential for maternal protein stores exists. Due to the possibility of maternal contribution to kn early embryonic function, we conducted our subsequent molecular analysis of kn function in homozygous embryos derived from germline clones mutant for the strong allele kn KN4 . Because kn encodes a transcription factor, we wished to determine whether kn was required for the proper regulation of segment-speci®c homeotic genes. Notably, kn mutant embryos (zygotic 1 maternal) show an altered expression of cnc in the early embryo. At early gastrulation, the mandibular stripe of cnc expression is approximately one cell narrower than normal (Fig. 5B) . In stage 10, cnc expression is normally found throughout the anterior compartment of the mandibular segment (Fig. 5C) . However, in kn mutant embryos at stage 10 (Fig. 5D) , mandibular cnc expression is restricted to the posterior portion of the anterior compartment of the mandibular segment (which later gives rise to the mandibular lobe) and absent from the anterior-most portion. In wild-type stage 12 embryos cnc is found in both the hypopharyngeal and mandibular lobes (Fig. 5E) . In kn mutant embryos at stage 12, mandibular cnc expression is restricted to the mandibular lobes, while the hypopharyngeal lobes fail to form (Fig. 5F ). Unfortunately, because the cells that normally form the hypopharyngeal lobe are no longer marked with cnc in the kn mutant embryos, it is not possible to determine their new, alternative fate. This early alteration of the homeotic gene cnc expression, prior to the manifestation of the hypopharyngeal lobe, indicates that kn functions in establishing the cell fate of hypopharyngeal lobe.
In contrast, no alteration in the expression of the two HOX genes, lab and Dfd, expressed in¯anking ectodermal regions was observed (data not shown). In addition, we found no altered expression in the mandibular region of kn mutant embryos of kn itself prior to stage 11, when mandibular-speci®c expression of kn ceases and kn becomes expressed in a segmentally reiterated pattern. 
kn is required in the cephalic mesoderm
While the predominant source of mesoderm in the early embryo derives from the ventral furrow invagination, ingressing cells from the cephalic furrow give rise to at least part of the cephalic mesoderm (Campos-Ortega and Hartenstein, 1985) . In early embryogenesis, kn expression is restricted ventrally and does not overlap the ventral furrow (Crozatier et al., 1996) . In stage 11, kn expression is observed in the cephalic mesoderm (Fig. 3B ) and presumably derives from cells ingressing in the cephalic furrow.
The expression pattern of the mRNA corresponding to the CK01299 EST, with signi®cant similarity to mammalian IP 3 5-phosphatase (Kopczynski et al., 1998) , appears to speci®cally mark the cephalic mesoderm in the early embryo (Fig. 6A,B,D) . CK01299 expression is ®rst detected in the cephalic furrow in stage 8 (Fig. 6A) , is restricted to the cephalic mesoderm during stage 10 and 11 (Fig. 6D) , and disappears in early stage 12. In kn mutant embryos (zygotic 1 maternal), no CK01299-related expression is observed (Fig. 6C,E) indicating that kn activity is required for at least this aspect of proper cephalic mesoderm activity.
Discussion
We demonstrate here that rearrangement mutations of kn disrupt the transcription unit for col, con®rming the results of Vervoort et al. (1999) that kn and col are the same gene. Embryonically, kn is required for two parts of the pharyngeal head skeleton: the ventral arms and the lateralgra Ète. This cuticular phenotype is similar to a somewhat weaker effect obtained by expression of anti-sense transcript in early embryos (Crozatier et al., 1996) , which resulted in the shortening of the lateralgra Ète. Furthermore, kn is required for the activation of the homeotic gene cnc in the progenitors of the hypopharyngeal lobe and is necessary for the morphogenesis of that lobe. In addition, kn is required in the cephalic mesoderm for the expression of the CK01299 marker gene.
Results recently published by Crozatier et al. (1999) also show that kn (which they call col) is required for the formation of the ventral arm and lateralgra Ète, as well as for the expression of cnc in the anterior portion of its domain, as we have shown here. They also show that kn is required for the activation of hh expression in the posterior compartment of the intercalary segment at the anterior-most extent of the kn expression domain. It is remarkable that in the early embryo kn appears to be necessary to activate hh expression in the corresponding segmental domain, whereas it functions as an Hh-target gene to pattern the medial portion of the wing (Vervoort et al., 1999; Mohler et al., 2000) . We found that, unlike in the wing, early embryonic expression of kn in the mandibular region is not dependent on Hh-signaling (data not shown). Ju Èrgens et al. (1986) concluded that the hypopharyngeal lobe was part of the intercalary segment because laser ablations targeted at the hypopharyngeal lobe resulted in the loss of the posterior pharyngeal wall and the associated sense organ, which they believed corresponded to the hypopharyngeal sense organ of several insect orders. However, the posterior pharyngeal wall is unaffected in kn mutant animals, which entirely lack the hypopharyngeal lobe at stage 11. A developmental analysis of hh expression domains of the foregut through embryogenesis indicates that the cells associated with the posterior pharyngeal wall derive instead from the hh expression domain at the distal tip of the clypeolabral lobe situated just anteriorly across the stomadeum from the hypopharyngeal lobe . Because the posterior pharyngeal wall derives from the portion of the clypeolabral lobe closest to the hypopharyngeal lobe, it seems likely that the mapping of this structure to the hypopharyngeal lobe by Ju Èrgens et al. (1986) simply re¯ects a slight imprecision in their ablation targeting. Thus, of the structures they directly mapped to the hypopharyngeal lobe, this mutational ablation of the hypopharyngeal lobe con®rms only one, the ventral arm, which they had described as mandibular. Rogers and Kaufman (1997) hypothesize that the hypopharyngeal lobe is the ventral aspect of the intercalary segment, in which only the dorsal component expresses lab during stages 10 and 11. The anterior expression boundary of most homeotic genes differs in the ventral ectoderm compared to the dorsolateral ectoderm, so the expression of lab in only the dorsolateral intercalary segment would not be unusual. However, as we observe, kn ectodermal expression, which appears to mark the hypopharyngeal lobe, is separated by hh-expressing cells from the intercalary anterior compartment in which lab is expressed (the short stripe of hh-expressing cells extends from the ventral margin of the ectoderm where it meets the endoderm in the stomatodeal opening to the dorsal limit of kn ectodermal expression). Furthermore, while the ventral portion of the stripe of kn expression gives rise to the hypopharyngeal lobe, the dorsolateral portion does not appear to give rise to any ectodermal derivatives, but instead to cephalic mesoderm. Thus, we do not believe that the hypopharyngeal lobe represents the ventral component of the intercalary segment, but rather is a separate domain posterior to it. Because the anterior compartment cells of the hypopharyngeal lobe primordium are not separated by intervening hh-or en-expressing cells from the anterior mandibular segment, the hypopharyngeal lobe should be considered nominally part of the mandibular segment, although it appears to be de®ned independently at blastoderm stages, as judged by kn activation. This is in keeping with the mandibular defects found in kn mutants that eliminate the hypopharyngeal lobe.
Ample evidence indicates, however, that in other insects the hypopharyngeal lobe is part of the intercalary segment. Unlike Drosophila, lab is expressed in the hypopharyngeal lobe in the¯ea and other insects (Rogers and Kaufman, 1997; Peterson et al., 1999) and in all insects, en-expressing cells, marking the posterior compartment of the intercalary segment, form on the posterior margin of the lab-expressing cells (Rogers and Kaufman, 1997) . Perhaps this difference in lab expression indicates that what is called the`hypopharyngeal lobes' in Drosophila are not homologous to the hypopharyngeal lobes of other insects, but rather re¯ect a novel proturberance in the mandibular segment. Alternatively, it is possible that the Drosophila`hypopharyngeal lobes' are indeed homologous to the hypopharyngeal lobes of other species, but there has been a concerted shift in Drosophila relative to the head morphology of both lab expression and posterior compartment of the intercalary segment, such that the hypopharyngeal lobe no longer resides in the intercalary segment. Because the hypopharyngeal primordium (via activation of kn) appears to be set aside independently at blastoderm stage, much earlier than the segmentation of the cephalic segments, such a shift in segmentation vis-a-vis the hypopharyngeal lobe seems plausible. Further analysis of the expression of the homeotic genes (such as lab, Dfd and cnc) and the upstream patterning genes (such as kn, btd and other gap/pair-rule genes) in a number of closely and distantly related insects will be necessary to resolve these hypotheses.
Experimental procedures
Detection of gene expression patterns
RNA expression patterns were detected by standard RNA in situ hybridization techniques (Tautz and Pfei¯e, 1989) using anti-sense RNA probes. For comparison of RNA expression patterns with hh expression, lacZ expression in the hh:lacZ reporter line 16E was detected using HRP-linked immunohistochemistry followed by in situ hybridization with the appropriate probe (as described by Azpiazu and Frasch, 1993) .
Generation of germ-line clones
Germ-line clones for the EMS-induced kn mutations (kn
KN1
, kn KN2 , kn
KN3
, kn KN4 ) were generated as described by Nestoras et al. (1997) . Females with potential germline clones were mated to heterozygous kn mutant sibs to produce embryos lacking both maternal and zygotic kn activity. Cuticular phenotypes were examined in germ-line clone progeny of all four EMS mutations; germ-line clone progeny of kn KN4 were used for the analysis of expression patterns of potential target genes in kn mutant embryos (kn KN4 is believed to be the strongest allele based on the wing phenotypes of kn/kn KN4¯i es and con®rmed by its stronger effects on the embryonic head skeleton).
4.3. Generation of knot rearrangement mutations y w; Dp(1;2)TE90 adult males were irradiated with 4000 R from an X-ray source and mated to w; L 2 kn females. The F 1 progeny were screened for wing vein abnormalities and the non-Lobe second chromosomes were recovered from mutant F 1¯i es.
